To investigate the clinical usefulness of intracoronary Doppler recordings during percutaneous transluminal coronary angioplasty (PTCA), the changes of lntracoronary blood flow velocity during PTCA were assessed in 20 patients with single proximal coronary stenosis, using a Doppler probe endmounted on the tip of a PTCA catheter. A mean of 4 inflations was performed in each patient. Intracoronary velocities were measured before and after each inflagon and during peak reactive hyperemia after each transluminal occlusion. Quantitative analysis of the coronary stenosis was assessed before and after PTCA, and the dilatation resulted in an increase In minimal luminal cross-sectlonal area from 1.1 f 0.8 to 2.7 f 1.2 mm*. A gradual and significant improvement in velocities was observed afler the firsi 3 dilatations, but in 15 of the 20 patients the resting and hyperemic velocities were not affected by the fourth dilatation. Coronary flow reserve measured during reactive hyperemia after the last dilatation with the PTCA catheter across the lesion was 1.9. lhii value of coronary flow reserve is compatible with the residual stenosis measured after PTCA when corrected for the presence of the Doppler balloon catheter (0.88 mm*). This applkation of the Doppler tectmique may provkfe a new method of on-line functional monitoring of the PTCA procedure in individual patients, but does not yet allow an accurate prediction of the change in coronary geometry broughl about by PTCA. 
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No additional dilatations were then performed and coronary angiography was repeated after removing the PTCA catheter. The balloon diameter size used in this study varied from 2.5 to 3.4 mm. The cross-sectional area of the catheter with the balloon deflated was 0.68 mm2.
Quantitative analysis of the coronary artery: Coronary angiograms were performed in at least 2 orthogonal projections before PTCA and the same projections were repeated after the procedure ( Figure 2 ). The determination of coronary arterial dimensions from 85-mm cinefilm was performed with the computer-based Cardiovascular Angiographic Analysis Sys- tem.14-16 In essence, boundaries of the relevant coronary artery segment are detected automatically from optically magnified and video digitized regions of interest of a selected single cineframe angiogram. The absolute diameter of the stenosis (in mm] is determined using the guiding catheter as a scaling device-l' The detected contours of the arterial and catheter segments are corrected for pincushion distortion.14 A computer-estimation of the original arterial dimension at the site of the obstruction is used to define the interpolated reference area or diameter.14J5 The interpolated percentage area stenosis and the minimal luminal cross-sectional area (mm21 are then calculated and averaged from at least 2, preferably orthogonal, projections.
Statistical methods: The statistical significance of the sequential changes in flow velocity [resting and hyperemic] observed during the procedure was as- sessed by variance analysis and Student t test for paired observations.
Results
Clinical data: The mean age of the 20 patients (14 men and 6 women) was 54 years [range 41 to 66). Eighteen patients had l-vessel coronary narrowing and 2 patients &vessel narrowing. The investigated and dilate coronary artery was the left anterior descending artery in 16 , the left circumflex artery in 3 and the right coronary artery in 1 patient. All patients had normal systolic and diastolic wall motion and an ejection fraction of >55%. The mean number of balloon inflations were 4,Upatient (range 3 to 7). The PTCA was successful [diameter stenosis <5O%) in all patients. Four patients had small localized superficial tear of the dilated coronary artery segment after the procedure.
Quantitative analysis of the coronary angiogram:
The minimal lumen cross-sectional area increased from 1.1 f 0.8 to 2.7 f 1.2 mm2 (mean f standard deviation) ( (Figure 3) . Reactive hyperemia was maximal after 27 seconds (range 21 to 33) after deflation, The time to subsidence of hyperemia was 56 seconds [range 42 to 74). After each of the first 3 dilatations, both resting and hyperemic velocities increased [ Table II ]. On average the velocities of the last 2 dilatations did not differ statistically, suggesting that the end result was already achieved by the third dilatation (Figure 4) . However, 5 patients (1, 12, 16, 17 and 201 still had a substantial increase after the fourth dilatation and might have well benefited from additional dilatations. The ratio of peak hyperemic velocity to resting velocity for each inflation is reported in Table III "coronary flow reserve" using the peak hyperemic velocity and the resting velocity recorded before the first 2 dilatations, we observed a paradoxical decrease of the ratio from 3.9 f 0.6 to 1.9 f 0.2. This is due to the major increase in resting velocity whose values were very low before the first inflation, with the catheter across the undilated lesion. When this ratio is based on the resting velocity recorded after dilatation, the coronary flow reserve differed little from 1 inflation to the next; values ranged between 1.7 and 2.1. This absence of change was confirmed statistically by variance analysis. In other words, this ratio does not seem to be a useful functional guidelines for PTCA, whereas the peak hyperemic velocity after successive balloon deflations shows a gradual and significant increase, leveling off in most patients after the third dilatation.
Discussion
We measured the changes in the intracoronary blood flow velocity during PTCA by means of a Doppler tip balloon catheter. Our original purpose was to use this information as an on-line assessment of the functional result of the dilatation, with the PTCA catheter still across the stenosis. The technical innovation of this catheter is the combination of a diagnostic and therapeutic tool. Although the catheter is a prototype of first generation, it provides a unique opportunity to assess the reactive hyperemia in awake human beings.
The poststenotic velocities recorded with the catheter across the lesion are low when compared with the previously published data that document values recorded proximal to the stenotic lesion.gv13J8 Recently it has been suggestedlg that the "zero crossing" method underestimates poststenotic velocity possibly because of disturbance of laminar flow and this may also explain the discrepancy between our results and those previously published. The routine calibration of each Doppler probe by the timed blood volume collection from the femoral sheath [cross-sectional area, 6.9 mmz) makes it unlikely that the intracoronary flow velocities recorded in this study with an end-mounted Doppler catheter are in error.
The duration of the hyperemia observed in all patients was longer than that in the previously reported Table II. studies.8J0s20 However, in contrast to our results, previous results were obtained after occlusion of normal arteries and after a shorter occlusion time (20 seconds maximal). Marcus et alzo have demonstrated that the duration of the hyperemic response increased progressively with increasing duration of occlusion. Intracoronary blood flow velocity measurements with a Doppler probe have previously been used to investigate regional coronary flow reserve, assessing tbe maximal reactive hyperemia induced by pharmacologic vasodilation or ischemia.5-g However, because coronary flow reserve is a ratio between maximal and resting coronary bload flow, any increase in resting flow results in a decrease of this ratio. This phenomenon was observed after the first 2 dilatations when the resting velocity preceding the inflation was used as the denominator of the ratio (peak hyperemic velocity/ resting velocity). If the resting ,velocity after the deflation was used as denominator, the ratio remained unchanged during 4 dilatations; this alternative is therefore useless as a functional guideline during the procedure. Because peak hyperemic velocity shows a gradual increase with successive dilatations, which presumably reflects progressive enlargement of the lumen stenotic, we attempted to correlate the crosssectional area of the stenotic lesion "corrected" for the presence of the catheter across the stenosis, with the absolute value of the peak velocity during reactive hyperemia. Despite an orderly ranking of the 2 parameters, no close correlation (r = 0.41) could be established. Ideally cross-sectional areas measured after each stepwise enlargement of the lumen by the gradual inflation of the balloon should have been correlated with the peak hyperemic velocity after the transluminal occlusion. Unfortunately, the poor quality of the coronary angiography performed with the PTCA catheter in the guiding catheter precludes quantitative analysis.
In the setting of PTCA, the absence of a precise mathematical relation between the peak hyperemic velocity measured after the last inflation and the post-PTCA "corrected" minimal lumen cross-sedtional area is not so surprising. First, the changes in luminal size of an artery after the mechanical disruption of its internal wall may be difficult to assess by angiographic means .lv2 The irregular shape with internal tears that fill with contrast medium to a variable extent will result in some overestimation of the true functional luminal size immediately after PTCA. Second, the extent of coronary atherosclerosis may be difficult to delineate angiographically. McPherson et alzl have documented that substantial intimal atherosclerosis, resulting in diffuse documented obstructive disease and involving the entire length of an epicardial artery, is often present, even when angiograms reveal only discrete lesions. As a consequence, relative measurements of stenosis severity are an inadequate approach to assessing the severity of coronary obstructions. In addition, the calculated cross-sectional area of the stenotic lesion after the subtraction of the cross-sectional area of the catheter [mean 2.0 f 1.2 mm2, range 0.5 to 4.6) clearly suggests that the catheter is not only impeding the flow through the stenotic lesion, even after dilatation, but might unpredictably disturb the velocity profile in the poststenotic segment.22 Further miniaturization of the catheter may improve this major drawback. For all these reasons, the measurement of the peak velocity with this prototype catheter of first generation does not permit an accurate on-line prediction of the morphologic change of the stenotic lesion. How-ever, during sequential dilatations the plateau observed in the peak hyperemic and resting velocity sig nals still provides valuable information, which indicates that no further improvement in flow velocity can be expected from additional dilatations.
Some investigators23-26 have rep&ted that PTCA does not normalize coronary flow reserve. Wilson et alI8 have shown in a human study that the impaired coronary flow reserve is directly related to the severity of the stenosis. Cross-sectional area measured immediately after PTCA generally increased approximately s-fold as a result of the procedure, but remained grossly abnormal and was generally less than half the diameter of the inflated dilating balloon.27 In a previous study, we16 established the relation between cross-sectional area (OA) and coronary flow reserve (CFR): CFR = 0.28 + 0.91 (OA) -0.039 (OA)2. A measured crosssectional area of 2.7 mm2 after PTCA would correspond to an average coronary flow reserve of 2.4. However, if the catheter is taken into consideration, calctilated coronary flow reserve is 1.94, consistent with the coronary flow reserve of 1.92 measured in this study. Therefore, this persisting reduction in cross-sectional area is by itself a sufficient explanation for the limited restoration of coronary flow reserve, although it does not exclude other contributing pathophysiologic mechanisms.
